I. INTRODUCTION
The addition of an extra U (1) D gauge symmetry, implying the existence of an exotic massive neutral gauge boson, is one of the much investigated extensions of the Standard Model (SM) [1] . This exotic gauge boson is called hidden(dark) photon and denoted by γ D in literatures [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and the interaction between γ D with the Standard Model particles arise only through a kinetic mixing [2] . The extra U (1) D gauge field is predicted in some phenomenology theories [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , in which γ D plays the role of a dark matter candidate. In these theories γ D is assumed to be a product in high energy processes. As a result we can directly or indirectly measure the trace of hidden photon in experiments and observations.
In this paper, we describe the hidden photon production as well as the cooling anomaly in white dwarf. The original hint of a cooling anomaly came from the measurement [16] , of the rate of period changeṖ for the 215s mode of G117-B15A [17, 18] , which is significantly larger than the prediction of standard pulsation theory [19] , see TABLE.I.
According to previous researches [16] [17] [18] [19] , the relative rate of change of the white dwarf pulsation periodṖ /P is essentially proportional to the temperature cooling rateṪ /T , which is in accordance with the assumption that the white dwarf (ZZ ceti stars) is not yet crystallized [19] . Hence if the anomalous cooling rate as implied by the excess rate of change of the pulsation period are indeed induceed by the hidden photons, one would get [19, 20] 
where L st is the standard luminosity of the pulsation white dwarf. This relation is available only when L γ D ≥ L st from the results reported in the reference research [16] . After the original measurement of [16] , astrophysicists also observed other two pulsation white dwarfs in two decades. The most present results [20] are shown in TABLE.I, in which the data of two DA white dwarfs G117-B15A [17, 18] , R548 [21] and a DB white dwarf PG 1351+489
are presented [22] . As this table, the constraint from G117-B15A is stronger then others. The first luminosity function was derived almost fifty years ago [23] , and during the long development period, it has been improved with significant amoumt of research works [20, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The recent availability of data are contributed by the Sloan Digital Sky Survey (SDSS) [31] [32] [33] and the SuperCOSMOS Sky Survey (SSS) [34] , and those has noticeably improved the accuracy of the new luminosity functions. A recent analysis of the white dwarf luminosity functions (WDLF) is done by [35] in which a unified WDLF is constructed by averaging the SDSS and SSS, and estimated the uncertainties by taking into account the differences between the WDLF at each magnitude bin.
We use the LPCODE stellar evolution code 1 [36] for our stellar evolution computations. This code has been employed to study different problems related to the formation and evolution of white dwarfs [36] [37] [38] [39] [40] . In the following paragragh, we briefly outline the algorithm work of LPCODE, and more details are given by [36, 41] . Radiative opacities are those of [42] while conductive opacities are cited by [43] , complemented at low temperatures (molecular opacities), which are produced by [44] . The equation of state for the high density regime is cited by [45] , while for the low density regime, an updated version of the equation of state of [46] is used. Neutrino cooling by pair, photo-, plasma, Bremsstrahlung production are included following the results of [47] , while plasma processes are also included [48] . White dwarf models computed with LPCODE also include detailed non-gray model atmospheres [49] .
In addition, the effects of time dependent element diffusion during the white dwarf evolution are following by [50] for multicomponent gases. Finally, we have to mention that LPCODE has been tested against with other white dwarf evolutionary codes, and the discrepancies are lower than 2%, see [51] .
In Sec. 2, we set up our model and also briefly discuss the mixing between the three neutral gauge bosons in the model as studied previously [3, 13] . In Sec. 3, we present the calculations of hidden photon Compton scattering and Bremsstrahlung processes on white dwarf conditions. In Sec. 4, we study that the effect contributed to hidden photon on white dwarf anomalous cooling rate and WDLF. We conclude our results in Sec. 5.
II. HIDDEN PHOTON MODEL
In this section we discuss the U (1) D extension of the Standard Model(SM) with a gauge kinetic mixing. We assume that the all of SM particles do not carry U (1) D quantum num- 
In additional to the mass mixing of the three neutral gauge boson arise from the spontaneously electroweak symmetry breaking without term of kinetic mixing given by
with the following mass mixing matrix
We also have the kinetic mixing between the two U(1)s from the last term in Eq. (2) . Both the kinetic and mass mixing can be diagonalized simultaneously by the following mixed
where γ D , Z and A are the physical hidden photon, Z boson and the photon respectively.
The matrix K is a general linear transformation that diagonalizes the kinetic mixing, and the parameter β = 1/ √ 1 − 2 with < 1, and O is a 3 × 3 orthogonal matrix which can be parametrized as
cos ψ cos φ − sin θ w sin φ sin ψ sin ψ cos φ + sin θ w sin φ cos ψ − cos θ w sin φ cos ψ sin φ + sin θ w cos φ sin ψ sin ψ sin φ − sin θ w cos φ cos ψ cos θ w cos φ
with the mixing angles defined as
After the K transformation, the gauge bosons mass matrix is
The O matrix diagonalize thisM 2 matrix
with the following eigenvalues (assuming
where
For small kinetic parameter mixing , the Z and γ D masses can be approximated by
It is noteworthy that the mass matrix is calculated in [3, 4, 13] . The couplings of these physical neutral gauge bosons with the SM fermions, we refer the readers to Eq. (11) in [3] .
with Eq. (27) (28) (29) (30) in [3] , and choose the minus solution at Eq. (7). As above, we have the relation when m Z m γ D and 1
and also
Further, the interaction term of hidden photon is
where the Weinberg angle cos θ w = 0.872.
III. CALCULATIONS
For all calculations we start from the energy loss(cooling) rate [52] 
The subscript of i and f are meaning initial state and final state, respectively, and the f is the distribution function. The f γ D is limited to zero, because a small density of dark photon in space is assumed. The minus sign at front of Fermi distribution function f f is because of Pauli Blocking effect. In this paper, the anomalous cooling rates are due to the dark photon Compton and Bremsstrahlung processes.
A. Compton Scattering
First of all, we consider Compton scattering,
The Compton-type processes are typically important when the electrons are non-degenerate (otherwise bremsstrahlung electrons dominates) and non-relativistic (otherwise e + e − annihilation dominates) [52] . In this subsection we provide a result of hidden photon Compton processes in stars. In our calculations, we consider the case of white dwarf core
where T is the temperature in the core of white dwarf and ω is a energy of initial photon.
The cross section can be written as
by according to the Eq. (16), we have the energy loss rate,
where x = ω/T , the k F is Fermi momentum and F (k F ) is given by [41, 52] 
where n e = k 
and the cooling rate per unit mass is
where ζ n is Riemann zeta function, Z is the atomic number, and T 8 = T × 10 −8 K.
B. Bremsstrahlung
In this subsection, we consider the collision between an electron and an infinitely heavy nucleus Ze,
because the white dwarf electron sea is highly degenerate; therefore the relation between m e and Fermi momentum(k F ) of electron gas is m e ≈ k F Temperature(T ≈ keV). It is worth to mention that the two electrons bremsstrahlung is suppressed by the Pauli Blocking effect, so that we only have to consider the collision of a electron with an infinitely heavy nucleus. In a highly degenerate case,
the small mass of hidden photon (m γ D keV) is also assumed. For the phase space, we adopt the calculation methods as given in chapter.II of [53] , and also replace the plasma propagator as [58, 59] ,
where S(q) is the static structure factor, f (q) is an atomic form factor and (q) is the longitudinal dielectric function of the electron liquid. As above, we have
with
is the sum over all of possible nuclear in the star. In the plasma part, we assume the core of white dwarf is almost a one-component plasma. The structure factor can be found in Eq. (53) of [60, 61] , also the small q limit is
and the function β q is shown in Eq. (56) and Eq. (59) of [60] . The form factor f (q) and dielectric function (q) can be found in [48, 58, 59, 62] . For the numerical results, we find the integrations can be approximated to a function form, but we have to note that the approximations are available only in range of 10 −2 ≤ T 8 ≤ 10 2 . The size of errors in this approximation is less than about 15%(1%) in case of T 8 4( 4),
where i = O, C. Those are corresponded to oxygen and carbon, respectively. Finally, the Eq. (26) can be written as
In white dwarf core, the abundance is large dominate by oxygen and carbon, therefore we can only obtain the numerical results of cases of oxygen and carbon, 
IV. PHENOMENOLOGY
A. White Dwarf Cooling Rate
In this section, we focus on the cooling rates of the pulsating white dwarf star G117-B15A [17, 19-21, 24, 56, 57, 63] . The rates of period change for G117-B15A do not take into account other energy source than gravothermal energy for the evolutionary cooling of the star. In order to explain the rates of period change (see, Table. I), the hidden photon would carry some of energy out from the white dwarf, therefore it affects the rates of period change.
For the numerical analysis, the Eq. (1) is used, the value of L st is taken by 1.2 × 10 31 erg/s [17, 20, 36] , and the observation results are shown in Table. I. We also take the abundance X C and X O as [17, 36, 57 ]
For a mixture of carbon and oxygen, the hidden photon emission rate is given by previous section. The information of G117-B15A can be found in [17] and LPCODE [36] . As above, we have the cooling rate of G117-B15A aṡ mechanism in white dwarf, the result will appear merely an upper bound. According to this result, the value of coupling is extremely small, so the hidden photon cannot be observed in collision experiments.
B. White Dwarf Luminosity Function
The numerical method of theoretical WDLF is introduced by [25] . In this section, we rely on their method, and consider a simplest case of conditions of WDLF. A detailed explanation of the method can be found in [25] . According to previous research works [24, 25, 27, 28] , the number of white dwarfs per logarithmic luminosity and volume is
where ψ(t) is the Galactic stellar formation rate at time t, n(M i ) is the initial mass function and t c (l, M f ) is the time since the formation of the white dwarf, of mass M f , for the star to reach a luminosity log(L/L sun ) = l. In Eq. (33), the initial-final mass relation M f (M i ) and the pre-white dwarf stellar lifetime t ev (M i ) are taking by [25, 28] . The white dwarf luminosity l and mass of the progenitor M i , the formation time of the star t is obtained by
where T D is the age of the oldest computed stars. The lowest initial mass that produces a white dwarf with luminosity l at the present time. The M 1 is obtained from Eq. (34) when t = 0. The value of M 2 corresponds to the largest stellar mass progenitor that produces a white dwarf. A constant star formation rate(SFR) is adopted as [24, 25, 27] ψ(t) = constant. with the standard emission (orange curve, without hidden photon), the result showed that when hidden photon is included, this leads to an extra cooling of the white dwarf core that alters the thermal structure of the white dwarf (shadow). In our best fitting result Comparison of the WDLF from [35] with the theoretical WDLF on different kinetic mixing parameter . The Best χ 2 fitting is within a 1.64σ-like significance level.
(black dot-dashed curve), the kinetic mixing parameter 14 = 0.372 is within a 1.64σ-like significance level, and the photon is dominant in range of M Bol ≥ 6.8. The results indicate that at lower luminosities (M Bol 6.8), the neutrino emission becomes negligible and the hidden photon support a small effect on white dwarf luminosity. On the other hand, the best fitting point is same with standard model estimations in the range of M Bol ≤ 6.8. Fig. 3 shows a comparison between the theoretical WDLF computed for different kinetic mixing parameter and the WDLF of the Galactic disk constructed by [35] . This WDLF was constructed from the WDLF determined by the [31] [32] [33] and the [34] sky surveys. The size of the error bars reflects the discrepancies between both WDLFs, see [35] for a detailed discussion on these issues. According to the previous work [29] , the luminosity function clearly proves that the evolution of white dwarfs is a simple gravothermal process, while the sharp cut-off at high M bol is the consequence of the finite age of the galaxy [24, 30] . . We can find that the standard emission (green) and hidden photon emission (blue-dashed) are separated in range of M Bol ≥ 6.8, it is meaning hidden photon hold a small portion of the white dwarf luminosity, that effect is not strong. This is corresponded the hidden photon emission (e.g. the black dot-dashed curve) in Fig. 2 . Fig. 4 shows the result of χ 2 fitting, it also express the area of a 1.64σ to 5σ like significance levels. This figure is separated to upper area and lower area (e.g. red part), because we treat the ψ (SFR) as a free parameter in our fitting, so that the upper side is shown by ψ ≈ 2 × 10 −3 Gyr −1 and the lower side is shown by ψ ≈ 2.4 × 10 −3 Gyr −1 . As the result of orange area, the WDLF constructed with 14 ≤ 0.72 can not be rejected at more that a 95%
confidence level (i.e. ≈ 2σ-like), which is barely within the two standard deviations of white dwarf G117-B15A cooling rate, see Fig. 1 .
V. CONCLUSION
In this paper we have derived an improved value of the kinetic mixing parameter , assuming that the mass of the hidden photon γ D is smaller than the core temperature of white dwarfs (≈ keV), and also assuming that the enhanced rate of cooling of the pulsating white dwarf is entirely due to the emission of hidden photons. In our calculations, we adopt the stellar evolution code LPCODE [36] , and ignore the density of hidden photons in white dwarf core, see Eq. (16) . Based on our assumptions, we found that the anomalous cooling rate of G117-B15A indicates the existence of an additional cooling mechanism in the pulsating white dwarf, consistent with kinetic mixing parameter = (0.97 at a 95% confidence level (i.e. ≈ 2σ-like), and the best fit value is = 0.372 × 10 −14 which lies in the 1.64σ confidence region. We compared the anomalous cooling rate and WDLF data, and found that the WDLF 2σ confidence as shown in Fig. 4 (i.e. ≤ 0.72 × 10 −14 )
is compatible with the cooling rate 2σ confidence in Fig. 1 
